Abstract: The present paper investigated the impact of cerium on the corrosion resistance of zinc coating in a 5 % NaCl solution. Electrochemistry was used to measure the electrochemical parameters to compare the corrosion resistance of the zinc coating with that of the cerium conversion coating on the galvanized layer. SEM/EDS and XRD were adopted to analyze the appearance and phases of corrosion products of the cerium conversion coating and to probe the impact of cerium on the corrosion behavior of zinc coating in the Cl -media. The results
Introduction
Conversion coatings are used widely in the metal processing industry because they are the most effective means to improve the corrosion resistance of alloys. Since zinc is more electronegative than iron, it can offer anodic sacrifice protection to steel in the corrosive media. Zn alloy electroplating appears to be one of the most practical and technologically complete processes to produce coatings with a higher corrosion resistance. Such coatings can be deposited by different ways such as electroplating, hot dip galvanizing or spray, etc. [1] [2] [3] [4] [5] . For these industrial zinc-coating substrates, it is important to delay or avoid "white rust" (white or grey powdery corrosion products) formation during storage in humid atmosphere, so it is necessary to investigate alternative methods for corrosion protection on the galvanized steel. Therefore, the products should be passivated.
It has well been documented that a passivating oxide film forming on the metal surface, and the metal structural parameters especially lattice imperfections, were responsible for the corrosion behavior of the coating. Currently, the passivating treatment process using chromate is still widely used because it entails lower costs, a stable passivating liquid, and an easy operating method. The corrosion resistance for both metals and alloys will be greatly enhanced after chromate treatments. However, in recent years, with increasing awareness in the environmental protection, the chromates used have been subjected to increasingly stringent restrictions from the perspective of protecting the ecological environment and human health (chromate treatments suffer from a highly toxic process hexavalent chromate-based solution), hence, require costly treatment before disposal of spent liquors. Thus, taking consideration of both economic and environmental awareness, great efforts have been made to find non-toxic alternatives to replace chromates. Chromate passivation technology is expected to face severe challenges. Up to now, the alternative methods, such as passivation, anodizing, chemical conversion, ion implantation, cathodic electrodeposition, solgel coatings, dipping and immersion and spraying, have been investigated and have been successfully used in many metals and alloys for the corrosion protection in the aqueous environments [4] [5] [6] [7] . Among them, it has been shown that the conversion coating is the most common, cost-effective method, and the easiest to operate. Nontoxic alternatives such as zirconium, titanium, molybdenum and hafnium compounds have been investigated [8, 9] . More recently, new types of conversion coatings, such as rare earth conversion coating technology (nontoxic and free from contamination), were studied that are formed by immersion in solutions containing cerium chloride or other rare earth metal (REM) chlorides such as lanthanum. REMs, such as salts from cerium, praseodymium, and yttrium, have always been regarded as effective inhibitors of metals and alloys in the chlorine solutions [4, [10] [11] [12] [13] . Therefore, the rare earth conversion coating technology is bound to become one of the new passivation technologies. Motte et al. [12] evaluated the corrosion performance of a cerium immersion treatment on zinc electroplated, concluding that the cerium film formed on the zinc surfaces suppressed the cathodic process markedly. Brunelli [14] and Dabala [15] reported that the cerium-based conversion coatings can improve the corrosion resistance of the pure magnesium or magnesium alloys in the chloride media. Ardelean et al. [16] investigated the corrosion protection of magnesium alloys by Ce-, Zr-and Nb-based conversion coating, showing that the new coating provides improved corrosion resistance, and excellent paint adhesion. Cui et al. [17] studied the neodymium conversion coating on the magnesium alloys. Pommiers et al. [6] reviewed several alternative conversion coatings to chromate for the protection of magnesium alloys. Advantages and drawbacks of each of the conversion coatings presented in this review were summarized. Bethencourt et al. [18] reviewed the application of lanthanide compounds as corrosion inhibitors of aluminum alloys in aqueous solution. Mishra and Balasubramaniam [19] investigated the corrosion inhibition of pure Al due to addition of different concentrations of LaCl 3 and CeCl 3 in 3.5 % NaCl solution, revealing that corrosion resistance improved with the addition of inhibitor.
For the protection of zinc substrate or zinc alloy by the rare earth conversion coating, Kong et al. [20] carried out the investigation on the corrosion resistance of the lanthanum conversion coating modified with citric acid on hot dip galvanized steel in aerated 1 M NaCl solution, illustrating that the corrosion resistance was excellent. Montemor et al. [21] reported the corrosion behavior of galvanized steel treated with rare earth salts, the behavior of the films formed on the surface is dependent on the rare earth cation and on the treatment time. Aramaki [22] [25] first reported that the corrosion of zinc and zinc-coated steel in tap water or 0.1 M NaCl solution is inhibited by small addition of cerium chloride, concluding that the corrosion protection is due to the formation of a complex film of cerium-rich oxide which causes cathodic reaction rates to be substantially reduced. Among the REM conversion coating processes, the acid cerium (Ce) conversion treatment is recognized for its simple electrolyte composition, making it easy to maintain and recycle, and more importantly, the solution is considered to be friendly to the environment, so cerium-based conversion coatings are progressing as an effective alternative to the hazardous chromate-based systems used in the treatment of metal surfaces [20] .
The cerium-based conversion coating is usually produced from cerium nitrate (Ce(NO 3 ) 3 ), cerium perchlorate (Ce(ClO 4 ) 3 ), cerium sulfate, Ce 2 (SO 4 ) 3 , cerium phosphate, CePO 4 , and cerium chloride (CeCl 3 ) with operating temperatures ranging from ambient to boiling [26] . The impact of cerium on the corrosion behavior of zinc coating in chloride media is still limited, and hence requires further investigation.
The present work further extends to investigate the impact of cerium on the corrosion behavior of zinc coating in the chloride media and to propose the corresponding corrosion model. SEM/EDS and XRD were used to analyze the appearance and phases of corrosion products of the cerium conversion coating and to probe the impact of cerium on the corrosion behavior of zinc coating in the chloride media.
Experimental Materials and methods
ZnCl 2 (purity ≥ 99 %), KCl (purity ≥ 99 %), Benzalacetone (purity ≥ 99 %), Boric acid(purity ≥ 99 %), Sodium benzoate (purity ≥ 99 %), Ce(NO 3 )3·6H 2 O (purity ≥ 99 %), and 30 % H 2 O 2 were purchased from Sigma-Aldrich.
SEM and XRD were adopted to analyze the appearance and phase of corrosion products of the cerium conversion coating and to probe the impact of cerium on the corrosion behavior of the zinc coating in Cl -media.
Surface analysis was conducted with a Hitachi S-4300 Cold Field Emission Scanning Electron Microscopy (SEM) and the chemical composition was analyzed by EDAX X-ray energy dispersive spectroscopy (EDS (EDAX; Model: DX-4). Phase characterization was conducted with an X-Ray Diffractometer (XRD, Japan Science D/max-2200 type, Cu Target) with voltage of 36 kV, current of 36 mA, and scanning speed of 5°/min. For electrochemical measurement, a CHI660C electrochemical workstation was adopted to measure the Tafel curve of the sample in a 5 % NaCl solution. A three-electrode system was employed, in which the reference electrode was the saturated calomel electrode, the auxiliary electrode was the platinum electrode, and the working electrode was the sample. The sample was sealed with epoxide resin, and the exposed area on the surface of the sample was 10 mm × 10 mm. The scan rate for polarization was 0.5 mV/s at the potential range of -0.4 V～-0.6 V. The electrochemical parameters of the corrosion potential (E corr ), corrosion current density (I corr ), the anodic/cathodic Tafel constants (b a and b b ) and the polarization resistance (R p ) were obtained by fitting the Tafel slope of the branches using the software package of the CHI660C electrochemical workstation.
Weigh loss method was adopted to investigate the corrosion behavior of the coating. The corrosion rate was calculated by the following equation:
where v is the mean corrosion rate (g · m −2 · h −1 ), m 0 is the mass of the sample before erosion (g), m 1 is the mass of the sample after erosion not containing corrosion products (g), A is the surface area of the sample (m 2 ), and t is the immersion time (h).
Preparation of the samples
The preparation of the zinc coating
emulsifying agent 5 ml · L −1 , pH 4.5-5.5, ampere density
) was adopted for galvanization for 20 min at room temperature. An Hcc-24 coating thickness gauge was used to measure the thickness of the zinc coating. The thickness of the samples' zinc coating was 6-10 µm. The substrate material of the galvanized parts was Q235 cold-reduced sheets in 50 mm × 40 mm × 2 mm. The chemical composition of the Q235 cold-reduced sheets was listed in Table 1 .
Treatment of the zinc coating in the Ce (III) solutions
The zinc coating was immersed in a treatment fluid with Ce(NO 3 ) 3 
Results and discussion
In order to assess the corrosion behavior of zinc coating and Ce conversion coating, immersion corrosion test and polarization measurements were carried out in a 5 % NaCl solution.
The immersion experiment
The zinc coating sample and the cerium conversion coating sample were individually immersed in a 5 % NaCl solution. The changing curves of the corrosion areas of the different samples in the immersion experiment were measured with time ( Figure 1 ), and the mean corrosion The percentage of corrosion area with increasing immersion time, the corrosion areas of the two kinds of sample also increased. The corrosion area of zinc coating without cerium conversion coating notably increased with the increase of immersion time, whereas the cerium conversion coating on the zinc coating reduced the corrosion area effectively. Furthermore, the corrosion area changed with the increase of immersion time slowly. The cerium conversion coating on the zinc coating exhibited very strong corrosion resistance, which is in the agreement with the literature reports of the corrosion resistance of hot-dipped zinc coatings being improved by the addition of small amounts of the REM [1, 2, 12, [20] [21] [22] [23] . It has been shown that the short immersion times usually lead to the formation of the uniform surface film, when the immersion times increase, the efficiency decreases gradually. When the film reaches a critical thickness, it will lead to a loss in the film coherence.
The microcracks in the film will allow the continuation of the cathodic and anodic processes, which will result in an over-precipitation of cerium in some areas of the sur- 
Electrochemical measurement -Tafel curve
Based on the immersion experiment, electrochemistry was used to measure the electrochemical parameters to compare the corrosion resistance of the zinc coating with that of the cerium conversion coating on the galvanized layer.
It is well known that the electrochemistry of the corrosion of metals involves two or more half-cell reactions. The parameters of the corrosion potential (E corr ), corrosion current density (I corr ), the anodic/cathodic Tafel constants (b a and b b ) and the polarization resistance (R p ) are often used to evaluate the corrosion protective properties of the coating. The smaller the I corr values are, the better the corrosion resistance is. A higher R P value indicates the lower corrosion rate. Figure 2 illustrates the Tafel curve test results of the zinc coating and the cerium conversion coating on the zinc coating in the 5 % NaCl solution. Cerium conversion treatments significantly affected both the anodic and cathodic branches. It can be found that the corrosion potential of zinc coating treated with the cerium treatment liquid (-0.832 V) is noticeably higher than that of the untreated sample (-1.029 V), showing that the cerium conversion coating is more stable, and can inhibit the occurrence of corrosion effectively. Table 2 presents the electrochemical parameters obtained after the computer software fit the Tafel curves [27] , revealing that the Tafel slope b a , b b of the cerium conversion coating was higher than that of the untreated zinc coating. The I corr value of the Ce conversion coating was 1.004 × 10 −7 A·cm −2 as against 2.378 × 10 −4 for zinc coating, was less three orders of magnitude, the corrosion potential (E corr ) of the Ce conversion coating was -0.832 V, whereas for the zinc coating was -1.029 V, and the R p of the Ce conversion coating (2.274 × 10 5 Ω. cm 2 ) was higher than that of zinc coating (5.763 × 10 3 Ω. cm 2 ), all these parameters show that corrosion resistance of Ce conversion coating was higher than zinc coating. The better corrosion resistance of the Ce conversion coating was attributed to the lower corrosion current density (I corr ), positive corrosion potential (E corr ) and the higher polarization resistance (R p ). Comparing with the Tafel curve of the zinc coating, the anode/cathode branches of the Tafel curves of the cerium conversion coating trended toward lower ampere density. The Tafel slope of the anode was higher than that of the passivating zinc, showing that the ampere density of the anode is lower and the formation of a cerium conversion coating inhibits the lysogenic response of the anode effectively. The Tafel slope of the cathode was higher than that of passivating zinc after forming the coating, indicating that the ampere density of the cathode is lower and the formation of a cerium conversion coating effectively inhibits the reduction reaction of the cathode. The existence of the cerium conversion coating exhibited inhibition of different degrees on the anode and cathode reaction of corrosion. Due to the decrease in corrosion power, the self-corrosion ampere density was lower than that of the zinc coating, demonstrating that the cerium conversion coating can increase the corrosion resistance of the zinc coating.
Chang et al. [28] reported that the corrosion current density (I corr ) and the corrosion potential (E corr ) of the Cr (III) -based conversion coatings on zinc coated steel surface in a 3.5 % NaCl solution under the optimum condition , -0.832 V) in a 5 % NaCl solution. Hosseini et al. [29] investigated the corrosion protection of electro-galvanized steel by cerium based conversion coating in the 0.5 mol/L NaCl media, the corrosion current density (I corr ) and the corrosion potential (E corr ) of the cerium based conversion coatings were 3.467 × 10 −5 A·cm −2 and -1.034 V, the I corr value of the Ce conversion coating was higher than that of the present study (1.004 × 10
), while the corrosion potential (E corr ) of the Ce conversion coating was lower than that of the present study (-0.832 V) in a 5 % NaCl solution.
SEM and EDS studies
SEM was adopted to analyze the appearance of the corrosion products of the cerium conversion coating and to probe the impact of cerium on the corrosion behavior of the zinc coating in the Cl -media. microstructures of the cerium conversion coating on the zinc coating before the erosion in a 5 % NaCl solution indicate that coating layer may result in a fine, uniform and non-defect morphology, which is in the agreement with the results in the literatures [22] [23] [24] . No changes in the alloy matrix are apparent for the sample treated by the 5 % NaCl solution, whereas for cerium conversion coating, substantial corrosion is revealed after immersion, and the coated surface is relatively rough. The corrosion products formed on the surface of the sample with the Ce conversion coating have covered the surface. Figure 4 exhibits the EDS energy spectrum of the cerium conversion coating before and after the erosion in a 5 % NaCl solution. Table 3 lists the composition analysis of the cerium conversion coating before and after the erosion in a 5 % NaCl solution.
Analysis by EDS indicated that the cerium conversion coating of the zinc coating mainly consists of Zn, Ce, and O spectral peaks. The peak of the substrate Zn is (a) (b) Figure 4 : (a) The EDS energy spectrum of the cerium conversion coating of the zinc coating and (b) The EDS energy spectrum of the corrosion products of the cerium conversion coating in a 5 % NaCl solution. more apparent, and the Ce content is 64.68 % (atom fraction). The results indicate that the corrosion products are composed of four elements, namely, Zn, O, Cl, and C. The conversion coating before the erosion was primarily composed of O, Zn, and Ce. These results show that local corrosion is caused by the local coating with the lower Ce content; if the corrosion of the cerium conversion coating occurs in a NaCl medium, the corrosion will occur in the region with the lowest Ce content. The chemical composition of this region is different from the main body of the conversion coating. This region may have a very thin cerium conversion coating; as such, the protection to the substrate is relatively poor. The uneven microstructure of the cerium conversion coating, that is, the uneven chemical and physical properties, will cause the conversion coating in Cl -environment to be eroded.
XRD pattern of the corrosion products
XRD was adopted to analyze the phases of the corrosion products of the cerium conversion coating, and to probe the impact of cerium on the corrosion behavior of the zinc coating in the Cl -media.
The chloride ion in the solution can react with the hydroxide ion to form soluble complex Zn 2 + -Cl --OH - [30] , the passive film or conversion film can be broken down, accelerating the local dissolution of zinc, resulting in the pitting corrosion. Figure 5 shows the XRD pattern of corrosion products, revealing that the corrosion products also mainly consist of complexes, such as Zn(OH) x Cl y and Ce(OH) x Cl y .
Corrosion mechanism
Hinton and Wilson [26] have investigated the inhibition mechanism of CeCl 3 for zinc corrosion in a 0.1 M NaCl solution. The rare earth ion is generally recognized as a kind of cathodic precipitating inhibitor in the neutral solution of the NaCl. The cathodic part of electrochemical corrosion mainly set off O 2 reduction reaction, causing the increasing of the pH in the cathodic part, thus the rare earth ion precipitates in the form of hydroxide or oxide to the cathodic part of the system, hindering the cathodic reaction and making the cathodic polarization rate increase, in this way, it causes both the corrosion potential and the corrosion current to decrease, and achieves the anti-corrosion effect [26] .
In the present study, the uneven chemical elements and physical appearance of the cerium conversion coating on the zinc coating cause the cerium conversion coating to be eroded in these weak regions. Weak regions of the Ce conversion film locate at the film breakthrough in the corrosive liquid, forming a corrosion primary cell. At this point, the zinc plating as micro-anode, the oxidation reaction occurs to produce Zn on the zinc coating. Due to the low solubility of zinc hydroxide, Zn(OH) 2 will precipitate on the surface of zinc substrate and change to zinc oxide, resulting in the formation of a passive film to prevent zinc corrosion. The chloride ion in the solution can react with the hydroxide ion to form soluble complex Zn 2 + -Cl --OH -, the passive film or conversion film can be broken down, accelerating the local dissolution of zinc, resulting in the pitting corrosion [30] . According to the hard and soft acids and bases principle, the ions Ce 3 + , Ce 4 + , and Zn 2 + are hard acid, they will react with the hard base OH -to form precipitates of stable salts or complexes.
The Ce 3 + is harder than Zn 2 + , which can form a precipitate layer Ce (OH) 3 on a corroding zinc surface, inhibiting the zinc corrosion by covering the surface with the hydroxide layer, suppressing the cathodic process of zinc corrosion and the local anodic dissolution of zinc. In the present paper, the precipitation films will undergo dehydration in the drying process, forming the corresponding oxides of zinc and cerium, followed by the gradual oxidation of the oxide and hydroxide of trivalent cerium into counterparts of quadrivalent cerium. The Ce conversion coating is non-crystalline solids, mainly composed of Zn (Figure 5 ), intensifying the subsequent corrosive cell reaction, destroying the conversion film severely. Figure 6 illustrates the detailed corrosion model. Figure 6 : The corrosion model.
Conclusions
Corrosion behaviors of cerium conversion coatings on zinc coating in a 5 % NaCl solution were investigated by polarization technique and SEM/EDS and XRD. The cerium conversion coating on the zinc coating could effectively increase the corrosion resistance of the zinc coating effectively by inhibiting the anode and cathode reactions of the zinc coating in a 5 % NaCl solution. The conversion coating region with lower cerium content offered poor protection to the substrate, causing the zinc coating in the Cl -environment to be easily eroded. The corrosion products mainly consist of complexes, such as Zn(OH) x Cl y and Ce(OH) x Cl y .
